Abstract. 1-(3-C-ethynyl-ß-D-ribo-pentofuranosyl)cytosine (ECyd,, is a new antitumor cytidine analogue, inhibiting RNA synthesis. In this study we investigated the cellular growth inhibition, intracellular metabolism, cell cycle phase specificity, and RNA synthesis of TAS-106 compared with those of 5-fluorouracil (5-FU), known to possess both DNA-(inhibition of thymidylate synthase activity) and RNAsynthesis-inhibiting activity (inhibition of RNA function). The IC 50 values of TAS-106 and 5-FU ranged from 0.0173 to 3.11 μM, and from 6.80 to >1,000 μM, respectively, in a panel of 10 human tumor cells, indicating that TAS-106 possesses greater cytotoxicity than 5-FU. Using excess thymidinesynchronized cells, TAS-106 and 5-FU appeared to exert their cytotoxic effects independently of the cell cycle. The intracellular metabolism and the effect on pre-rRNA processing of TAS-106 differed from those of 5-FU. More than 50% of 5-FU incorporated into the cells was in the unchanged form, while 5-FU incorporated into RNA was approximately 20%. On the other hand, TAS-106 was incorporated in a timedependent manner into the cells and rapidly converted to its mono-, di-and tri-phosphate form, however, the amount incorporated into RNA fraction was very small. 5-FU incorporated into RNA was confirmed to impair the normal processing of ribosomal RNA (formation of 34/32S RNA from 45S RNA), however, TAS-106 did not affect pre-rRNA processing and may be involved in the inhibition of the synthesis of ribosomal RNA. We concluded that intracellular accumulation and retention of the active metabolite of TAS-106, 3'-ethynylcytidine 5'-triphosphate (ECTP), may contribute to its potent cytotoxicity. The unique mechanism of antitumor activity and intensive cellular metabolism of TAS-106 could contribute to cancer chemotherapy through the pathways different from those of 5-FU or other antitumor nucleosides.
Introduction
1-(3-C-ethynyl-ß-D-ribo-pentofuranosyl)cytosine (3'-ethynylcytidine, ECyd, TAS-106) is a new antitumor cytidine analogue possessing a potent cytotoxic and antitumor activity in preclinical therapeutic models, which recently underwent a phase I clinical study in the United States (1) (2) (3) (4) . The preliminary studies revealed that cytotoxic effects of TAS-106 are mainly related to the interference with RNA metabolism (5, 6) . TAS-106 is converted into the 3'-ethynylcytidine-5'-monophosphate (ECMP) by uridine-cytidine kinase (UCK; EC 2.7.1.48) (7) , and this product is subsequently phosphorylated to the 3'-ethynylcytidine-5'-diphosphate (ECDP) and then to the 3'-ethynylcytidine-5'-triphosphate (ECTP).
Moreover, the preliminary experiments also revealed a competitive inhibition of RNA polymerase by ECTP with a Ki value of 21 nM when assayed in the presence of isolated nuclei from FM3A mouse tumor cells (the Km value of CTP was 8.0 μM.). ECTP was found to be the major intracellular metabolite accumulating in the cells exposed to TAS-106 for 4 h, and then was very slowly eliminated from the cells.
5-Fluorouracil (5-FU) has been widely used for the treatment of patients with gastric, colorectal, lung, head and neck and breast cancer. The cytotoxicity of 5-FU is exerted by its two active metabolites, namely, 5-fluoro-2'-deoxyuridine-5'-monophosphate (FdUMP) and 5-fluorouridine-5'-triphosphate (FUTP). FdUMP forms a covalent ternary complex with thymidylate synthase (TS; EC 2.1.1.45) and 5,10-CH 2 -FH 4 , which inhibits the conversion of 2'-deoxyuridine-5'-monophosphate (dUMP) to 2'-deoxythymidylate and results in the ONCOLOGY REPORTS 17: 1453 -1460 , 2007 Mechanism of action of a new antitumor ribonucleoside,
1-(3-C-ethynyl-ß-D-ribo-pentofuranosyl)cytosine (ECyd, TAS-106), differs from that of 5-fluorouracil
decreased DNA synthesis (8) (9) (10) (11) . Another metabolic pathway of 5-FU involving FUTP, leads to its incorporation into RNA instead of uridine-5'-triphosphate, resulting in interference with the maturation of RNA and finally in improper functioning of RNA (12) (13) (14) (15) .
The purpose of this study was to clarify the differences between TAS-106 and 5-FU in their mechanisms of interference with RNA synthesis, which may be essential for the fitting of the different profile of anticancer activity to cancer types expressing particular pathways. This may result in more precise stratification of cancer patients to the most optimal treatment modality.
Materials and methods
Chemicals. TAS-106 and a,a,a,-trifluorothymidine (FTD) were synthesized at Taiho Pharmaceutical Co., Ltd. (Tokyo, Japan). 5-FU was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other chemicals were commercial products of the highest quality available.
Cells and cell culture. HT-1080, human fibrosarcoma cells were generously supplied by Dr Takuma Sasaki (Cancer Research Institute, Kanazawa University). KB human nasopharyngeal carcinoma cells were purchased from the American Type Culture Collection (Rockville, MD). HCT-15 human colon carcinoma cells, A549 human lung carcinoma cells, BxPC-3 human pancreas carcinoma cells, and PC-3 human prostate cells were purchased from Dai-Nippon Pharmaceutical Co., Ltd. (Osaka, Japan). AZ521 human gastric carcinoma cells and T.T human esophagus carcinoma cells were purchased from the Japanese Cancer Research Resources Bank (Tokyo, Japan). VMRC-RCW human renal carcinoma cells, ME-180 human cervix carcinoma cells, and T24 human bladder carcinoma cells were purchased from the Health Science Research Resources Bank (Osaka, Japan). Li-4 human liver carcinoma cells, maintained as an in vivo growing tumor, were obtained from the Central Institute for Experimental Animals (Tokyo, Japan).
HT-1080 cells, HCT-15 cells, BxPC-3 cells and PC-3 cells were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS; ICN Biomedicals, Inc., Aurora, OH). KB cells were maintained in Eagle's minimum essential medium (MEM) containing 1 x nonessential amino acids (NEAA) and 10% (v/v) FBS. VMRC-RCW cells, ME-180 cells and T24 cells were maintained in MEM containing 10% (v/v) FBS. A549 cells and AZ521 cells were maintained in Dulbecco's modified MEM (DMEM) containing 10% (v/v) FBS. T.T cells were maintained in DMEM/ Ham's F-12 medium (1:1) supplemented with 10% FBS. Li-4 cells were maintained with MEM containing 2 x vitamin, 0.1 M sodium pyruvate, 1 x NEAA, and 10% (v/v) FBS. The cells were incubated at 37˚C in a humidified atmosphere containing 5% CO 2 .
Chemosensitivity test. The growth inhibitory effects of the drugs on human cancer cells were determined by colorimetric tetrazolium-formazan (MTT) assay (16) . Briefly, 180-μl aliquots of an exponentially growing cell suspension (1-5x10 3 cells/180 μl/well) were incubated in 96-well microplates for 24 h. A 20-μl volume of various concentrations of the drugs was then added. After exposure to the drugs for 72 h, 25 μl of 2 mg/ml MTT reagent (Sigma Chemical Co., St. Louis, MO) was added to each well, and the cells were incubated at 37˚C for 4 h. The culture medium in all of the wells was removed, and the cells were dissolved in DMSO (150 μl). After thorough mixing, the absorbance of each well was measured at 540 nm with a Model 3550 microplate reader (Bio-Rad Laboratories, Hercules, CA). The IC 50 was defined as the drug concentration needed to produce a 50% reduction of growth relative to the control.
Measurement of intracellular metabolism. The SchmidtThannhauser-Schneider method was used to determine the incorporation into the nucleic acid fractions (17) .
HT-1080 human fibrosarcoma cells (1.7x10 7 cells) were exposed for 0.5, 1 or 2 h in a total volume of 1 ml RPMI-1640 medium supplemented with 1% FBS and 1 μM, 1 μCi of
After the termination of the reaction, the cells were collected by centrifugation (150 x g, 4˚C, 5 min) and washed twice with 2 ml of ice-cold PBS (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). The acidsoluble fraction was prepared by adding 2 ml of ice-cold 5% trichloroacetic acid (TCA) to the cell pellet, roughly mixing, and placing on ice for 10 min. The acid-soluble fraction and the acid-insoluble fraction were then separated by centrifugation (500 x g, 4˚C, 5 min). Two ml aliquot of the supernatant was added with 2 ml of a mixture of 17.7% (v/v) tri-n-octylamine/ 1,1,2-trichloro-1,2,2-trifluoroethane and roughly vortexed. The particulate material was separated by centrifugation (1,200 x g, room temperature, 5 min), and the resulting aqueous layer (1.5 ml of top layer) was separated and evaporated to dryness. The died residue was dissolved in 100 μl of distilled water and a 20-μl aliquot of this concentrated acid-soluble fraction was spotted on a silica gel 60 F 254 thin-layer chromatography (TLC) plate (2.5x10 cm, Merck). In the case of . This approach allowed the separation of the phosphorylated species generated both from TAS-106 and 5-FU. The individual fractions separated by TLC were scraped off and placed in the vials, and 0.5 ml of 1 N HCl and 10 ml of ACS-II scintillator (Amersham, Buckinghamshire, UK) were added, and the radio-activity was measured with an LSC-5101 liquid scintillation counter (Aloka Co., Ltd., Tokyo, Japan).
Incorporation of TAS-106 and 5-FU into DNA and RNA. Subsequently, 2 ml of ice-cold 5% TCA was again added to the acid-insoluble fraction containing RNA and DNA, and the resulting precipitate was washed and separated by centrifugation (500 x g, 4˚C, 5 min). The pellet was suspended in 1 ml of distilled water and, after adding 4 ml of ethanol, allowed to stand on ice for 5 min, and then centrifuged (1,200 x g, 4˚C, 5 min). The obtained pellet was suspended in 4 ml of a mixture of ethanol/diethyl ether (1/1, v/v), and heated at 37˚C for 10 min, then centrifuged (1,200 x g, room temperature, 5 min). A 2-ml volume of 0.3 N KOH was added to this pellet to hydrolyze RNA by incubating at 37˚C for 16-20 h. After cooling on ice, the specimen was neutralized by adding 100 μl of 60% perchloric acid (PCA). The final PCA concentration was raised to 4% by adding an additional 150 μl of 60% PCA, and the specimen was placed on ice for 10 min. The specimen was then centrifuged (1,200 x g, 4˚C, 10 min), and the resulting supernatant was used as the RNA fraction (total volume, 2.25 ml). The remaining pellet was suspended and washed in 2 ml of 4% PCA, and centrifuged (1,200 x g, 4˚C, 10 min). This pellet was then resuspended in 2 ml of 4% PCA, heated in a boiling water bath for 15 min, to hydrolyze DNA. After cooling, the specimen was centrifuged (1,200 x g, room temperature, 10 min), and the resulting supernatant was used as the DNA fraction (total volume, 2 ml). A 1-ml aliquot of each sample of the RNA and DNA fraction, was removed and placed in separate vials, 10 ml of ACS-II was added, and the radioactivity was measured.
Cell cycle phase specificity of the drug. KB cells were synchronized by a double thymidine block. Briefly, cells were incubated for 24 h in a medium containing 2.5 mM thymidine, followed by incubation for 8 h in thymidine-free medium.
Synchronization of cells at the G1/S boundary was then achieved by further incubation for 14 h in 2.5 mM thymidinecontaining medium. The thymidine block was released by washing the cells twice with PBS, followed by incubation in a fresh medium. At 0, 2, 4, 6, 8 and 10 h after release from the thymidine block, TAS-106 (2.5 μM), 5-FU (250 μM) and FTD (1,000 μM) were applied. Following 90-min exposure to a drug, the cells were washed with PBS, treated with trypsin/ EDTA, and suspended in culture medium. Then the cells were incubated in 96-well microplates (n=6) for 3 days. The number of viable cells was determined by MTT assay. Cell cycle synchronization was assessed by flow cytometry. The cells were treated with trypsin in a spermine tetrahydrochloride detergent buffer, then trypsin inhibitor was added, followed by addition of RNase contained in a citrate-stabilizing buffer, and finally stained with 125 μg/ml of propidium iodide (PI) (a Cycle TEST PLUS DNA Reagent kit, Becton-Dickinson, San Jose, CA). Cell distribution according to the cell cycle phase was determined by measuring the DNA content using a FACScan flow cytometer (Becton-Dickinson). (10,000 x g, 10 min, 4˚C) and the supernatant was used to isolate cytoplasmic RNA. Each 3 ml supernatant fraction was added with 3.3 g urea, 0.144 ml 0.5 M EDTA, 0.414 ml 5 M NaCl, and 1.44 ml 10% (w/v) sodium dodecyl sulphate (SDS). The solution was extracted with the mixture of phenol/chloroform/isoamyl alcohol (25:24:1). The RNA was precipitated from the aqueous layer with ethanol and resuspended in water.
Nucleic RNA was isolated by a modification of the method of Chomczynski et al (18) . Nuclei were suspended in 2 ml of denaturing solution consisting of 4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7.0; 0.5% sarcosyl and 0.1 M 2-mercaptoethanol (solution D) and homogenized by Polytron homogenizer and subsequently transferred to a polypropylene tube. The extraction solution consisting of 0.2 ml of 2 M sodium acetate (pH 4.0), 2 ml of phenol (water saturated) and 0.8 ml of chloroform-isoamyl alchol mixture (49:1) was added to the homogenate, with thorough mixing by inversion after the addition of each reagent. The suspension was shaken vigorously for 10 sec and cooled on ice for 15 min. Samples were centrifuged at 10,000 x g for 20 min at 4˚C. After centrifugation, the aqueous phase was added with 2 ml of isopropanol, and then placed at -20˚C for 1 h to precipitate RNA. After centrifugation at 10,000 x g for 20 min at 4˚C, the RNA pellet was resuspended in 70% ethanol, sedimented, vacuum dried and dissolved in water.
Northern blot analysis of pre-rRNA processing. A sample of RNA (7 μg per lane) was electrophoresed in a 1.1% agarose gel containing 0.66 M formaldehyde and blotted onto a Hybond-N nylon membrane filter. The filter was hybridized with the 32 P-labeled rDNA probes, which are shown in Fig. 2 (19) . The filter was exposed on X-ray film for 16 h at -70˚C using an intensifying screen.
Results
The main metabolic activation pathways involved in antitumor activity of TAS-106 (ECyd) and 5-FU are shown in Fig. 1 . Table I . The IC 50 values varied widely from 0.0173 to 3.11 μM, and from 6.80 to >1,000 μM, for TAS-106 and 5-FU respectively.
Chemosensitivity of human cancer cells. The IC 50 values of TAS-106 and 5-FU are shown in

Intracellular metabolism of TAS-106 and 5-FU.
The intracellular metabolisms of TAS-106 and 5-FU in the HT-1080 cell line are presented in Fig. 3 .
TAS-106 was taken up into the cells in a time-dependent manner, and immediately converted to the nucleotides (ECMP, ECDP and ECTP). It is particularly noteworthy that the triphosphate ECTP accounted for approximately 50% of all intracellular metabolites, and showed a tendency to persist at high concentrations as the major intracellular metabolite of TAS-106. However, there was a very small amount of the TAS-106 derived metabolic species incorporated into RNA, thus accounting for approximately 3-5% of the total radioactivity taken up into the cells.
The intracellular metabolism of 5-FU, on the other hand, differed considerably from that of TAS-106. The amount of 5-FU taken up into the cells seemed to have already reached a plateau at 30 min, and the total radioactivity incorporated into the cells was <10% of that of TAS-106. Moreover, >50% of the total radioactivity incorporated into the cells was present in the form of 5-FU, and metabolism of 5-FU appeared to be less intensive. Approximately 20% of the total radioactivity taken up into the cells was incorporated into RNA, one may (1-7) and the sizes of the resultant RNA molecules are indicated. Table I . Cytotoxicity of TAS-106 and 5-FU against various tumor cell lines. 
-------------------------------------------------
a The cell growth inhibition was determined by MTT assay after 72-h drug treatment.
expect that there was a rapid generation of FUTP from 5-FU via FUMP, leading to a rapid incorporation of FUTP into RNA. Any incorporation of TAS-106 and 5-FU-derived metabolic species into DNA was hardly observed.
Cell cycle phase specificity of the cytotoxic effect. The cell populations after release of the S phase synchronized cell from synchronization induced by the excess thymidine and their sensitivity to each of the drugs at that time are shown in Fig. 4 .
Relative cell growth of the non-synchronized cells exposed to TAS-106 (2.5 μM), 5-FU (250 μM), and FTD (1,000 μM), the S phase specific antimetabolite, in relation to the control was 61.6, 58.2 and 61.1%, respectively. The relative cell growth after exposure to 2.5 μM TAS-106 and 250 μM 5-FU in each cell cycle phase after release from S phase synchronization was in the range of 50.2-64.9 and 64.4-79.1%, respectively. Since the ranges were almost the same as in the non-synchronized cells, it was concluded that the cell growth inhibitory effects of TAS-106 and 5-FU are cell Pre-rRNA processing. The effects of TAS-106 and 5-FU on rRNA processing in the human colon cancer cell line HCT-15 are shown in Fig. 5 .
Detection of the various classes of RNA with the rDNA probes for the B/XE and B/XX regions revealed a tendency for all classes of RNA to decrease in the cells exposed to 0.02 μM TAS-106. Moreover, marked decreases or complete disappearance of all classes of RNA were observed in the cells exposed to TAS-106 concentrations of 0.05 μM or more.
Interestingly, the concentrations of TAS-106 affecting the processing of RNA were very similar to those inducing cytotoxic effects. For instance, HCT-15 cancer cells exposed for 72 h to TAS-106 were sensitive to concentrations as low as 0.022 μM (IC 50 ) (Table I ) and those concentrations were effective in the inhibition of RNA synthesis.
The ratios of 45S RNA and 34/32S RNA in the cells exposed to the 50-or 500-μM concentrations of 5-FU were compared with their ratios in the controls by using the rDNA probe for the B/XE region. As shown in Fig. 5A , the 45S RNA and 34/32S RNA were present in almost equal amounts in control cells, but there was a greater proportion of 45S RNA than 34/32S RNA in the cells exposed to 5-FU. Moreover, although very slight compared to the control, the decrease in 18S RNA and disappearance of 20S RNA were also observed in the cells treated with 500 μM 5-FU.
As shown in Fig. 5B , when the rDNA probe for the B/XX region was used as well, the 45S RNA and 34/32S RNA were found to be present in almost equal amounts in control cells, but there was more 45S RNA than 34/32S RNA in the cells treated with 5-FU.
Discussion
TAS-106, a newly developed antimetabolite drug, possesses a broad antitumor spectrum and potent antitumor activity. However, its mechanism of action was not fully elucidated, particularly, the difference between TAS-106 and 5-FU in the inhibition of RNA metabolism. Considering the effect of 5-FU on RNA, it was shown that 5-FU is incorporated into RNA to a relatively high extent. As the result, 5-FU incorporated into RNA impairs the function of RNA through the inhibition of post-transcription RNA processing (14, 20) . The intracellular metabolism of TAS-106, however, differs greatly from that of 5-FU. The major metabolite of TAS-106 is ECTP, and the amounts of TAS-106 incorporated into RNA are only a mere 3-5% of the total radioactivity taken up into the cells. Thus, the action of TAS-106 on RNA is probably quite different from that of 5-FU.
Previous research has shown that TAS-106 strongly inhibits incorporation of [ 3 H]guanosine into the acid-insoluble fraction (mainly RNA) of L1210 cells (3) , and that ECTP inhibits the in vitro RNA transcription by human RNA polymerase II (5) . Taking into account these findings, one may conclude that TAS-106 differs from 5-FU in terms of their effect on RNA synthesis. The maintenance of high intracellular concentrations of ECTP, an active metabolite of TAS-106, appears to be necessary for its cytocidal effect. Moreover, the continuous presence of the ECTP appeared to inhibit RNA synthesis, through antagonizing RNA polymerase.
It has been reported that when the cells are exposed to a short-term high concentration of 5-FU, the predominant effects are related to RNA inhibition. On the other hand, the continuous exposure to a low concentration is associated with DNA inhibition (21, 22) . To determine the effect of 5-FU on RNA, the exposure time of 5-FU in this study was set at 6 h in accordance with a previous report (14) . Since the inhibition of RNA synthesis is the principal enzyme mediated mechanism of action of TAS-106, the exposure was set at 72 h, in the hope of obtaining sufficient effect.
rRNA is the most abundant form of cellular RNA and has a rapid rate of synthesis (14) . It is, therefore, probable that a large quantity of drug would be incorporated into newly synthesized rRNA transcripts, consequently inducing an observable disruption of pre-rRNA processing. Human rRNA is composed of four species of molecules (5S, 5.8S, 18S and 28S), of which the last three are derived from a common 45S precursor in the nucleus. There are several alternativeprocessing pathways, as deduced by Bowman et al (23) .
As shown in Fig. 4 , the cell cycle related drug sensitivity was well manifested in the case of FTD, whereas almost the same relative cell growth was observed in all cell cycle phases, when treated with TAS-106 and 5-FU. Based on these findings, it was concluded that FTD is an S phase specific drug, while TAS-106 and 5-FU exert their cytotoxicity in a cell cycleindependent manner.
Several other anticancer drugs exert cell cycle specific cytotoxic effects. To name a few, bleomycin is very effective in the G2/M phase. SN-38, the active metabolite of the topoisomerase I inhibitor CPT-11, is an S phase specific agent (24) . Based on these reports, the sensitivity of cells to the drugs that inhibit DNA synthesis often depends on a certain phase of the cell cycle, as we also revealed in our studies on FTD.
5-FU exerted cell cycle-independent cytotoxicity that we considered to be due to a short-term exposure. The system utilized in this study, employing a synchronized cell population, could only be applied to the evaluation of cell-cycle dependency by a short-term exposure. Thus, it is possible that the brief exposure to a high concentration of 5-FU in this study reflected the RNA-synthesis-inhibitory action of FUTP and thus the sensitivity was cell cycle-independent, as in regard to TAS-106.
In addition, the differences in the mechanism of action due to 5-FU exposure schedules have also been seen in the effects on the cell cycle, as reported by the study of Inaba et al (25) . When exposed to 5-FU for 72 h, most of the cell population accumulated in the S phase and remained there. When exposure to 5-FU was held at 1 h, the cell population temporarily accumulated in the S phase, then the G1 and G2/M phase cell population subsequently increased. These findings also suggested a close connection between the mechanisms of action of 5-FU and the exposure schedule.
Since continuous intravenous infusion or continuous administration via the oral route have become the main methods of administration of 5-FU clinically, it is possible that 5-FU might display cell cycle-dependent efficacy in clinical tumors based on inhibition of DNA synthesis by a long-term exposure to low concentrations.
TAS-106, on the other hand, inhibits RNA synthesis; therefore, the sensitivity to TAS-106 is unaffected by the phases of the cell cycle. This characteristic was considered useful when used concomitantly with other drugs. Combinations with other antitumor drugs are currently being used for chemotherapy clinically. Because of the fact that antitumor drugs arrest cells in various phases, we suggest that the order and timing of their co-administration may affect their antitumor effect.
In conclusion, it is suggested that TAS-106 exerted its antitumor effect by an RNA-synthesis-inhibiting action via a mechanism different from that of 5-FU. Moreover, the above findings suggest that TAS-106 acts in a cell cycle-independent fashion, and its anticancer activity when used concomitantly with other anticancer agents may not be affected.
